Idiosyncratic adverse drug reactions (IADRs) occur in a minority of patients yet account for the majority of postmarketing use restrictions by the Food and Drug Administration. Despite the impact of these toxicities, the underlying mechanisms are still poorly understood. Animal models of IADRs would be beneficial in understanding mechanisms and in developing assays with predictive potential. Recent work exploring the interactions between inflammatory stress and drugs associated with human idiosyncratic drug-induced liver injury (IDILI) has led to the development of the first animal models that apply to a range of drugs. Here, we discuss hypotheses for the mechanisms of IDILI and focus on a murine model of trovafloxacin-induced hepatotoxicity as an example related to the inflammatory stress hypothesis.
Adverse Drug Reactions
Adverse drug reactions (ADRs) are a serious problem not only for public health but also for pharmaceutical companies and regulatory agencies. In a study in the United Kingdom, ADRs accounted for more than 6% of hospital admissions. Of these, the mortality rate was 2% (Pirmohamed et al., 2004) . In addition to the risk to public health, these reactions are a major issue in drug development. A significant amount of time and money is expended in the effort to predict the risk of adverse reactions from drug candidates in order to eliminate candidates likely to cause these reactions before they reach the market. Despite comprehensive preclinical drug testing and clinical trials, over 10% of drugs approved during 1975-2000 were either withdrawn from the market or were restricted in use (Lasser et al., 2002) . In 1998, the pharmaceutical industry spent over 20 billion dollars on drug discovery and development, with screening assays and toxicity testing accounting for about 20% of the total amount spent (Michelson and Joho, 2000) . Despite such extensive efforts, in 1999, 258,000 adverse drug events were reported in the United States and over 440,000 worldwide (Sibbald, 2001) , suggesting that this is a major and persistent problem.
ADRs can affect various tissues, but the liver is often a target organ. Of the 28 drugs removed from the U.S. market between 1976 and 2005, 6 were withdrawn due to hepatotoxicity (Kaitin, 2005) . Drug-induced liver injury (DILI) accounts for more than 50% of acute liver failure cases (Ostapowicz et al., 2002) . It is associated with significant mortality, and consequently, a number of drugs that have been associated with DILI have been removed from the market. For example, bromfenac (Hunter et al., 1999) , troglitazone (Graham et al., 2003; Murphy et al., 2000) , and tienilic acid (Bernuau et al., 1981) have been completely removed due to hepatotoxicity. In addition, DILI induced by drugs such as trovafloxacin (TVX) (Lazarczyk et al., 2001; Nicholson et al., 2002) , nefazodone (Choi, 2003) , and nevirapine (Maniar et al., 2006; Sanne et al., 2005) has led to ''black box'' warnings, limiting their use. DILI is the leading cause for the withdrawal of drugs from the market by either the U.S. Food and Drug Administration (FDA) or pharmaceutical companies (Temple and Himmel, 2002) .
Idiosyncratic Adverse Drug Reactions
An important subset of ADRs that cause DILI are idiosyncratic adverse drug reactions (IADRs), which account for about 13% of all cases of acute liver failure (Ostapowicz et al., 2002) . Although IADRs are a relatively small subset of ADRs, the majority of postmarketing restrictions by the FDA on use of drugs has been due to IADRs (Lasser et al., 2002) . Idiosyncratic drug-induced liver injury (IDILI) often occurs in a small fraction (< 1%) of patients during drug therapy. The mechanisms underlying IDILI are unknown, but they typically do not involve the pharmacological actions of the drug. In addition, IDILI occurs at doses that are generally safe to the majority of patients and with an inconsistent temporal relationship to exposure. That is, some patients may develop toxicities soon after the onset of drug administration, whereas reactions in others may occur after a month or more on maintenance therapy. Finally, there is a wide range in the severity of the reactions depending on the drug and the affected individual. The implication drawn from these characteristics is that occurrence of an IADR is governed by susceptibility factor(s) within individuals. These factors may be either genetic or environmental or both.
The development of animal models is needed to predict those drugs that cause IADRs in order to halt their development and/or understand which individuals are likely to be susceptible. Animal models could provide mechanistic insight about IADR-causing drugs still in use and thereby help clinicians prevent and/or treat the reactions. Additionally, the insights provided by animal models of IADRs could lead to the development of high throughput, in vitro predictive tests based on the elucidated mechanisms of action. Such preclinical tests could help pharmaceutical companies prevent the sending of candidates with a high IADR potential to clinical trials or to market, thereby averting human suffering and saving money spent on clinical trials, marketing, and potential lawsuits from patients affected by IADRs.
Despite extensive research, few animal models exist that produce liver injury from IDILI-associated drugs. The inability of current animal tests to predict IDILI is likely due, in part, to the reaction being idiosyncratic and usually rare in animals, as it is in humans; thus, an extremely large number of animals would be needed to detect toxicity. It has been estimated that 30,000 patients are required to detect an IADR that occurs in 1 in 10,000 patients (Lee, 2003) . Assuming that similar incidence occurs in animals and that animals respond like humans, toxicity testing would require 30,000 animals for a single drug to predict such IDILI confidently. In addition, the current animal testing paradigms might not include sufficient biological (e.g., genetic and environmental) diversity to elucidate IDILI responses. Because such large studies are not possible for drug candidates, it is critical that the modes and mechanisms of action of IDILI become better understood to develop predictive models.
Exploration of the pathogenesis of IDILI in humans is limited by the often infrequent occurrence of the reactions, the fact that patients are typically seen only after the injury is well established, and the difficulty in obtaining tissue for study. The obstacle of human tissue availability is currently being addressed by the National Institutes of Health-supported DILI Network. However, the study of human liver tissue taken after injury will likely provide only limited insight about early pathogenic mechanisms. For this insight to occur, animal models will be needed that are based on the modes of action of IDILI. As noted above, these modes of action are incompletely understood, but several reasonable hypotheses have arisen in recent years. In this review, we will summarize briefly and provide perspectives on the major hypotheses for modes of action of IDILI. Additionally, we will describe recent results with TVX as an example of an animal model based on the inflammatory stress hypothesis.
MODES OF ACTION OF IDILI
Despite the limitations and difficulties described above, some progress has been made in understanding IDILI. This has led to the development of several theories about IDILI pathogenesis. It is important to emphasize that to date none of the hypotheses to explain IDILI pathogenesis has been proven or disproven. Indeed, it is possible that various combinations of modes of action may be involved, even with IDILI from a single drug.
Reactive Intermediate Hypothesis
One theory to explain IADRs is that a drug is metabolized into a reactive metabolite that binds covalently to important cellular proteins, damages membrane integrity, and/or alters calcium homeostasis or other intracellular signaling in ways that lead to cell death (Kaplowitz et al., 1986) . Susceptible individuals might have polymorphisms in the bioactivating enzyme(s), and this could explain why IDILI is often quite rare. There are many examples in which a drug linked with IDILI has the ability to form a metabolite that is reactive (Walgren et al., 2005) . One such example is troglitazone (TGZ), an antidiabetic drug linked with serious idiosyncratic hepatotoxicity (Murphy et al., 2000) . TGZ is metabolized in the rat to five intermediates with the ability to form glutathione conjugates that appear in bile (Kassahun et al., 2001) . Metabolic activation of TGZ by cytochrome P450 3A4 (CYP3A4) results in reactive metabolites capable of binding to proteins and other nucleophiles (He et al., 2004) . It is important to note that TGZ reactive metabolites have not been causally linked to liver injury. Moreover, numerous drugs that form reactive metabolites are not associated with an increased risk of IDILI (Uetrecht, 2006) . Indeed, formation of a reactive metabolite may be a necessary but insufficient condition for liver pathogenesis for many drugs that cause IDILI. Thus, although the reactive intermediate hypothesis is a reasonable one, a causal link between reactive metabolite generation and hepatotoxicity has not been established conclusively for many drugs that cause IDILI.
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Genetic Polymorphism Hypothesis
A related hypothesis is that genetic polymorphisms cause differences in the toxic responses to drugs. Polymorphisms in drug-metabolizing enzymes can lead to differences among individuals in pharmacokinetics as well as in reactive intermediate formation (Williams and Park, 2003) . Human polymorphisms in genes encoding CYP drug-metabolizing enzymes have been identified. Such polymorphisms could result in potentially toxic plasma concentrations of the drug. Alternatively, a polymorphism in a gene encoding a cytoprotective factor might render individuals susceptible to therapeutic doses of drugs, resulting in IDILI. For example, a genetic polymorphism in an anti-inflammatory cytokine or antiapoptotic protein could alter the toxicity threshold in individuals for some drugs, thereby contributing to IDILI. For the genetic polymorphism hypothesis to explain IDILI, the polymorphism in people on drug therapy would have to be as rare as the IADR itself or the IADR would have to result from a combination of several more common polymorphisms. The genetic polymorphism hypothesis does provide some explanation for the variability in the timing of onset of IADRs: if individuals with different polymorphisms experienced different rates of metabolic activation from the same drug dosage regimen, then a critical threshold needed for toxicity would be reached by some individuals sooner than others.
An example often referenced in support of the polymorphism hypothesis is hepatotoxicity caused by isoniazid, a drug used in the prevention and treatment of tuberculosis (Mitchell et al., 1976) . It was hypothesized that a polymorphism creating a rapid acetylator phenotype produced more of a reactive metabolite capable of causing hepatocellular necrosis in susceptible individuals (Huang, 2007; Mitchell et al., 1976) . However, several epidemiological studies failed to find an association between the rapid acetylation polymorphism and liver injury (Gurumurthy et al., 1984) . Polymorphisms in other genes may be important as well. For example, human leukocyte antigen polymorphisms have been linked to IDILI from some drugs (Andrade et al., 2004; Grattagliano et al., 2009) . Thus, an association between IDILI and genetic polymorphisms exists for some drugs; however, the association of a specific polymorphism with an IADR to a drug does not by itself constitute proof of cause and effect. Also, whether a polymorphic phenotype interacting with drug exposure is sufficient to precipitate an IDILI reaction or whether other interacting factors are required remains to be elucidated.
Hapten Hypothesis
A widely accepted theory to explain IADRs is that they result from an adaptive immune response to an altered self-protein. Clinical characteristics of some IDILI reactions, such as the delayed onset of toxicity, an obscure relationship to drug dose, and the occurrence of eosinophilia and accompanying skin rash, have led to the hypothesis that IDILI reactions are mediated by an adaptive immune response (Uetrecht, 2003) . The hapten hypothesis states that a chemically reactive drug or a reactive metabolite binds to an endogenous protein. This protein adduct is then seen as a foreign antigen that initiates immunological recognition (Park et al., 1987) . According to this hypothesis, the drug-modified protein must be recognized by B cells or processed by antigen-presenting cells and presented to T cells. This results in the expansion of effector T cells and B cells reactive to the adducted protein. The immune system then recognizes the adduct as a foreign antigen, and upon prolonged or subsequent exposure to the drug, robust antigen-specific cell expansion occurs, resulting in the formation of autoantibodies by memory B cells and/or the activation of cytotoxic T cells targeting adducted proteins and initiating a reaction that culminates in tissue injury (Robin et al., 1997) .
In support of the hapten hypothesis, the presence of autoantibodies has been detected in patients with IDILI after exposure to several drugs, including diclofenac, troglitazone, halothane, and tienilic acid (Aithal et al., 2004; Obermayer-Straub et al., 2000) . In further support of this hypothesis, repeated exposure to halothane is a risk factor for the development of halothane-induced liver injury (Bird and Williams, 1989) . However, a recent study found that 39% of patients who developed halothane hepatitis were not previously exposed to halothane (Eghtesadi-Araghi et al., 2008) , raising doubt about whether sensitization and challenge exposures are needed to precipitate severe halothane hepatotoxicity. Additionally, autoantibodies were also found in patients treated with diclofenac or halothane who did not develop hepatotoxicity (Aithal et al., 2004; Kitteringham et al., 1995) . Thus, from case reports, firm evidence for a cause-and-effect relationship between autoantibodies and IDILI is lacking. Efforts have been undertaken in animal experiments to show the involvement of the specific immune system in IDILI; however, in all the current animal models of drug immunogenicity, an adaptive immune response was detected in the absence of significant liver damage (Park et al., 1998) . Accordingly, experimental support for this hypothesis is incomplete, and an animal model of liver injury that requires drug sensitization and challenge and the involvement of antibodies or sensitized T cells (i.e., an adaptive immune response) has not emerged so far.
The Danger Hypothesis
A theory closely related to the hapten hypothesis is the danger hypothesis, which proposes that a damaging immune system activation occurs only when the drug or its metabolite binds to a protein and causes a stress response or in the presence of a concurrent independent stressor, resulting in a ''danger signal'' (Naisbitt et al., 2000; Uetrecht, 1999) . Thus, according to the danger hypothesis, the formation of a drugprotein adduct is insufficient to cause injury and a secondary signal is needed that acts as an adjuvant during initial immunization. This signal could be mild cell death or cytokine INFLAMMATORY STRESS AND IDILI 9 release, which triggers the production of effector lymphocytes necessary for damaging adaptive immune system activation upon subsequent drug exposure (Kaplowitz, 2005) . It has been postulated that some reactive drug metabolites themselves could cause this danger signal, leading to IDILI (Seguin and Uetrecht, 2003; Uetrecht, 1999) . However, the danger signal could result from a number of independent factors including intestinal microbial disturbances or an infection causing an innate immune response resulting in inflammatory stress.
Mitochondrial Dysfunction Hypothesis
Another hypothesis to explain IDILI is that drug-induced mitochondrial toxicity or drug interaction with compromised mitochondria is an underlying cause. Differences in rates of accumulation of dysfunctional mitochondria among individuals on drug therapy could explain variations in sensitivity and in times to onset of overt toxicity (Boelsterli and Lim, 2007) . Mitochondrial dysfunction can encompass several changes such as decreased adenosine triphosphate production, mitochondrial reactive oxygen species (ROS) production, and/or dissipation of the mitochondrial membrane potential. Either an exogenously imposed mitochondrial disease or a polymorphism could alter mitochondrial function and render cells sensitive to a drug, resulting in idiosyncratic toxicity (Waring and Anderson, 2005) .
There is extensive evidence linking some IDILI-associated drugs with mitochondrial alterations. Troglitazone, tolcapone, diclofenac, valproic acid, and isoniazid are some of the drugs that cause IDILI and that also cause mitochondrial dysfunction in hepatocytes in vitro (Boelsterli and Lim, 2007; Haasio et al., 2002; Keller et al., 1992; Petrescu and Tarba, 1997; Schwab and Tuschl, 2003; Shishido et al., 2003) . In addition, diclofenac and troglitazone are cytotoxic to HepG2 cells (a human-derived cell line) through a mitochondria-dependent mechanism (Boelsterli, 2003; Tirmenstein et al., 2002) . However, there are several drugs that cause mitochondrial alterations in vitro but have not resulted in ADRs in people. In one study, superoxide dismutase 2 (SOD2) heterozygous mice, a model of silent mitochondrial abnormality, were treated chronically (4 weeks) with troglitazone. This treatment had no effect on wild-type mice but resulted in mild hepatocellular necrosis in SOD2 þ/À mice (Ong et al., 2007) . It is important to note that mitochondrial dysfunction can be induced by a number of independent factors such as concurrent xenobiotic exposure, hypoxia, or inflammation. Accordingly, it is possible that alterations in mitochondrial function play a role in other hypothesized modes of action of IDILI.
Failure-to-Adapt Hypothesis
According to this hypothesis, a relatively large fraction of people develop minor and reversible liver toxicity in response to a drug. Most of these individuals ''adapt,'' experiencing resolution of liver injury even with continued exposure to the drug. It is proposed that a small fraction of these people fail to adapt, and the injury then progresses to overt toxicity that appears as an idiosyncratic reaction (Watkins, 2005) . Reports of isoniazid hepatotoxicity seem to support this theory, inasmuch as 15% of patients taking isoniazid experience minor alanine aminotransferase (ALT) elevations, but less than 1% develop symptomatic hepatitis with continued treatment (Black et al., 1975) . Similarly, 20% of patients anesthetized with halothane develop mild, reversible hepatotoxicity and about 1 in 20,000 progresses to potentially fatal halothane hepatitis (Mushin et al., 1971) .
The mechanisms underlying the adaptation phenomenon are unknown. The inability to adapt could involve either environmental or genetic factors or both. This hypothesis could fit with the genetic polymorphism hypothesis, in that a polymorphism in an anti-inflammatory cytokine or antiapoptotic protein might render certain individuals unable to adapt and control minor tissue damage. Alternatively, a liver with limited capacity for replicative repair might not be able to adapt to a drug-induced insult, resulting in otherwise minor and reversible hepatotoxicity progressing to serious injury.
Adaptation may not be recognized in clinical trials because drug treatment is usually stopped when the serum ALT activity rises to eight times the upper limit of normal or greater than three times the upper limit of normal when there is a concurrent elevation in bilirubin, making it impossible to distinguish between patients who would and would not adapt with continued drug exposure. In addition, there are currently no animal models in which adaptation has been studied with drugs that cause IDILI in humans. It is also important to note that the failure-to-adapt hypothesis does not discount other IDILI hypotheses, insofar as toxicity may be due to any number of mechanisms to which certain individuals cannot adapt and therefore experience an IDILI.
Multiple Determinant Hypothesis
The multiple determinant hypothesis proposes that idiosyncratic reactions are the result of several discrete but required factors or processes all occurring simultaneously (Li, 2002) . Each factor has an independent probability of occurring, but all of them are required to precipitate an IADR. The probability of occurrence is then related to the product of the individual probabilities, thus accounting for the rare occurrence of many IADRs. According to this hypothesis, an idiosyncratic reaction would only occur in an individual if all the critical factors occur within an appropriate and limited timeframe.
The multiple determinant hypothesis is a rather general and encompassing one that is consistent with most of the other hypotheses mentioned above. Inasmuch as environmental and genetic factors as well as physical-chemical properties of the drug itself might influence the probability that a specific drug will cause a hepatotoxic response, it is important to determine which factors are critical to toxicity and why. Moreover, understanding in more detail the mechanistic aspects of IDILI is critical to developing predictive animal models. The hypothesis embraces the concept that underlying factors have the potential to lower the toxicity threshold to a drug, rendering a normally therapeutic dose toxic. Several factors have the potential to affect the susceptibility of an individual to drug toxicity, including age, gender, coexposure to other pharmacological agents, drug metabolism differences, state of health, and various homeostasis-altering stresses (Aldridge et al., 2003; Amacher, 2006; Cunningham, 1997; Rademaker, 2001; Wilke et al., 2007) .
Inflammatory Stress Hypothesis
In the multiple determinant hypothesis, one environmental factor that might render an individual sensitive to a normally nontoxic drug administration is inflammatory stress. The observation that a mild inflammatory episode can alter hepatotoxicity has led to the inflammatory stress hypothesis, which states that an acute episode of inflammation has the potential to interact with concurrent drug therapy to precipitate IDILI .
A desirable quality of a drug is a large difference between the therapeutic dose and the smallest toxic dose (i.e., the therapeutic window). The hypothesis is that a modest inflammatory stress can decrease the threshold for hepatotoxicity, thereby shrinking the therapeutic window and resulting in a toxic response at an otherwise safe and pharmacologically effective dose of the drug. For most drugs that cause IDILI, doses normally needed to injure the liver may exceed those that result in death, thus a hepatotoxic reaction would not be observed, but an inflammatory stress could increase sensitivity of the liver so that hepatotoxicity occurs at doses in the therapeutic range . Conversely, a drug could magnify an otherwise innocuous inflammatory episode, rendering it injurious. In either case, IDILI would occur at a drug dose that is nontoxic to individuals not experiencing a concurrent inflammatory stress. Inflammatory episodes are commonplace in people and occur erratically throughout life, which can explain the unpredictable nature of IADRs.
Inflammatory stress can be induced by a number of mechanisms including infection, intestinal microbial disturbances, cell death, etc. (Ganey et al., 2004) . Lipopolysaccharide (LPS), a component of gram-negative bacterial cell walls, is one agent that can induce an inflammatory stress in vivo. The first animal models of idiosyncratic hepatotoxicity have been developed in which nontoxic doses of IDILI-causing drugs are rendered hepatotoxic upon coexposure to a nontoxic but modestly inflammatory dose of LPS. Several drugs known to cause IDILI in humans, such as TVX, ranitidine, sulindac, chlorpromazine, halothane, amiodarone, and diclofenac, have been evaluated, and all were hepatotoxic to rodents when coupled with a nontoxic dose of an inflammagen (Buchweitz et al., 2002; Cheng et al., 2009; Deng et al., 2006; Luyendyk et al., 2003; Waring et al., 2006; Zou et al., 2009) . Drugs in the same pharmacologic class that were not associated with IADRs in humans were used when available, and these did not interact with inflammatory stress to cause hepatotoxicity in animal models Waring et al., 2006) . The selectivity of this model to identify IDILI-causing drugs suggested a potential role for inflammatory stress in the mechanism of human IDILI.
INVOLVEMENT OF INFLAMMATORY STRESS IN TVX-INDUCED IDILI
A challenge still lies in understanding mechanisms of the hepatotoxicity observed with coexposure to LPS and an IDILIcausing drug. To explore these mechanisms, TVX and its interactions with inflammatory mediators have been explored recently in animal models, and the results of these studies will be summarized in this section.
Overview of TVX
TVX is an example of a drug linked to human IDILI that was not predicted by preclinical testing or evident in clinical trials. It is a broad-spectrum fluoroquinolone antibiotic with excellent Gram-negative activity and a greater spectrum of bactericidal activity against gram-positive pathogens compared with other fluoroquinolones. In addition to its increased bactericidal spectrum, TVX has high bioavailability after oral dosing and a relatively long elimination half-life, allowing for once-daily dosing and rendering it a drug with distinct therapeutic advantage (Fischman et al., 1997) .
The bactericidal activity of TVX is apparently exerted by the parent compound, not by a metabolite. Approximately 50% of a dose of TVX in humans is recovered unchanged in the feces (43%) and urine (6%). For the portion of TVX that is metabolized, phase II conjugation, specifically glucuronidation, plays a major role (Dalvie et al., 1997) . Metabolic studies with TVX did not reveal a reactive intermediate generated during its metabolism. However, a recent study using a cyclopropylaminecontaining surrogate molecule for TVX suggested that TVX might be metabolized to a reactive a,b-unstaurated aldehyde (Sun et al., 2007) . The reactive intermediate was only found in systems in vitro with active Cyp1A2 or myeloperoxidase (MPO). MPO is released by activated neutrophils (polymorphonuclear leukocytes [PMNs]), suggesting that this surrogate molecule and perhaps TVX itself might be metabolized differently in a proinflammatory environment to a reactive species that could contribute to TVX toxicity.
TVX-Induced Hepatotoxicity in Human Patients
TVX was released in February 1998, as a potent new fluoroquinolone antibiotic. In 1999, reports surfaced linking INFLAMMATORY STRESS AND IDILI 11 TVX with hepatotoxicity, which led to severe restriction of TVX use and prescription. Before restrictions were placed on TVX usage,~2.5 million prescriptions were filled. A total of 140 severe hepatic reactions were reported, making the incidence of TVX-induced severe hepatotoxicity~1 in 18,000 prescriptions. Of these 140 severe hepatic reactions, 14 resulted in liver failure, i.e.,~1 in 178,000 prescriptions (Stahlmann, 2002) . The hepatotoxic events linked with TVX were equal in males and females and were seen in individuals ranging in age from 21 to 91 years old. Examination of the case reports revealed that the duration of TVX therapy in patients did not correlate with a toxic response. This clinical profile classified TVX hepatotoxicity as idiosyncratic.
TVX was the first fluoroquinolone to have its use severely restricted because of liver toxicity, and the majority of drugs in this class has not been associated with IDILI (De and De, 2001 ). Therefore, it was concluded that TVX IDILI arises independently of the pharmacologic properties of the drug. In retrospect, the hepatotoxic potential of TVX was seen in dogs at doses exceeding therapeutic doses (Stahlmann, 2002) . Some dogs developed elevated liver enzyme signals and centrilobular necrosis. However, because the toxicity was species-specific, reversible, and inconsistent in animal studies and was not seen in clinical trials, it was not considered relevant for patients treated with therapeutic doses or a reason to halt development of the drug.
The pathology of TVX IDILI in human liver was similar in several reported cases. Viral, metabolic, and autoimmune causes of hepatitis were excluded (Chen et al., 2000; Lazarczyk et al., 2001; Lucena et al., 2000) . Liver biopsy revealed centrilobular hepatocellular necrosis with collapsed sinusoids around the central vein, whereas the portal tracts appeared normal. In addition, parenchyma-based lymphocytes, plasma cells, and eosinophils were present, and these inflammatory cells were highly concentrated at the peripheral edges of the centrilobular necrosis (Chen et al., 2000; Lazarczyk et al., 2001; Lucena et al., 2000) .
Interactions between TVX and Inflammatory Stress in Animal Models
TVX did not cause liver damage in rodents, even after large doses (e.g., 1 g/kg in mice) (Shaw et al., 2007) . However, in both rats and mice, a normally nontoxic dose of TVX synergized with an inflammatory stress induced by LPS to cause acute liver injury (Shaw et al., 2007; Waring et al., 2006) . TVX/LPS-treated mice developed lesions of hepatocellular oncotic necrosis and apoptosis, which were primarily located in midzonal regions with some centrilobular involvement. The reason for the difference in the localization of lesions primarily to midzonal regions in mice compared with centrilobular regions in human clinical toxicities is unknown but could be due to species differences in the location of metabolizing enzymes, inflammatory cells, Toll-like receptor (TLR) expression, or other factors. Nevertheless, the hepatotoxic interaction between TVX and inflammatory stress was not specific to LPS-induced activation of TLR4, inasmuch as coexposure of mice to TVX and gram-positive bacterial cell wall components (TLR2 agonists) also induced liver injury (Shaw et al., 2009d) . Levofloxacin, a fluoroquinolone that is not associated with idiosyncratic hepatotoxicity in human patients, failed to synergize with LPS to cause liver injury (Shaw et al., 2007) . The synergistic hepatotoxic interactions between TVX and bacterial cell wall components were the first models in vivo to reveal consistently the potential of TVX to cause severe liver damage. Additionally, the underlying interaction between TVX and inflammatory stress that precipitates liver injury is neither species-specific nor TLR4-specific. These observations are important, inasmuch as they suggest that TVX interacts with a common mediator of inflammatory stress and that this interaction translates across species, possibly even to humans.
TVX/LPS coexposure induced a unique hepatic gene expression profile at a time before the onset of liver injury (Shaw et al., 2009b) . This suggests that global gene expression in the liver could be an early biomarker of hepatotoxicity in mice, a finding that might also hold true in humans. A number of the genes selectively changed by TVX/LPS treatment were downregulated; however, several genes involved in the JAK/ STAT and interferon (IFN) signaling pathways were selectively increased (Shaw et al., 2009b) . In accordance with this finding, both interleukin (IL)-18 À/À (a cytokine that stimulates IFNc production) and IFNc À/À mice were protected from TVX/LPS-induced liver injury. This was the first drug/ inflammation model of liver injury in which the role of IFNc was shown to be involved. Additionally, the study supported the use of early gene expression analysis to identify a mechanistic pathway involved in the liver injury.
Inflammatory stress is a general response that results in cytokine production, leukocyte recruitment, hemostatic system activation and complement activation. Subsequent studies explored the roles of specific inflammatory mediators involved in TVX/LPS-induced liver injury in mice, summarized below and in Figure 1 . PMN recruitment and activation is a common event in acute inflammation. PMN accumulation into liver in response to LPS was not enhanced by TVX, but liver injury caused by either TVX/LPS or TVX/peptidoglycan-lipoteichoic acid coexposure was dependent on PMN activation (Shaw et al., 2009d) . Moreover, PMN elastase-deficient mice were protected from TVX/LPS-induced hepatocellular injury, suggesting that toxic proteases released upon PMN activation contributed to the liver damage (Fig. 1) . Although liver biopsies from patients suffering from TVX hepatotoxicity did not reveal a neutrophilic infiltrate, the biopsies were not taken until the liver injury was well developed (Chen et al., 2000; Lazarczyk et al., 2001; Lucena et al., 2000) . Therefore, it is possible that neutrophils are involved in the initial injury in 12 SHAW, GANEY, AND ROTH humans, and the secondary wave of infiltrating cells seen in biopsies reflects the response to this injury.
Inflammatory stress can also induce alterations in the hemostatic system, which can play a role in liver injury . The hemostatic system exists as a balance between the opposing effects of coagulation and fibrinolysis. This balance can be altered clinically by TVX and, therefore, might be a contributor to TVX-induced hepatotoxicity in humans (Goel et al., 1999) . In mice, TVX/LPS cotreatment resulted in the early deposition of fibrin in liver sinusoids, and liver injury induced by TVX/LPS depended on the activation of thrombin, an activator of coagulation (Shaw et al., 2009c) (Fig. 1) . Additionally, plasminogen activator inhibitor-1 (PAI-1), which inhibits fibrinolysis, was selectively increased in plasma after TVX/LPS coexposure, creating a procoagulant environment (Shaw et al., 2009c) . Inhibition of either coagulation system activation or PAI-1 protected mice from TVX/LPS-induced liver injury (Shaw et al., 2009c) .
Surprisingly, PAI-1 inhibition did not protect mice via reducing fibrin deposition in the liver; rather, it reduced inflammatory cytokine production (Shaw et al., 2009c) . The observation that PAI-1 contributed to acute liver injury through regulation of proinflammatory cytokines was novel. A central upstream player in TVX/LPS hepatotoxicity proved to be tumor necrosis factor (TNF) -alpha (Fig. 1) . This proinflammatory cytokine is a 17-kD protein that arises from a cell-associated pro-form that is cleaved by TNF-converting enzyme, giving rise to active TNF. The nonhepatotoxic dose of LPS used in this model caused the rapid appearance of TNF in plasma, which peaked within 2 h of administration and declined rapidly thereafter (Shaw et al., 2009e) . TVX pretreatment prolonged the LPS-induced increase in plasma concentration of TNF (Shaw et al., 2009a) . Neutralization of TNF with etanercept afforded mice complete protection from TVX/LPS-induced liver injury (Shaw et al., 2009b) . Furthermore, the TVX-induced prolongation of the LPS-induced increase in the plasma concentration of TNF was critical to the development of hepatotoxicity. TNF neutralization after the initial peak of TNF, but before the prolongation, reduced TVX/LPS-induced hepatocellular damage (Shaw et al., 2009e) .
Further analysis revealed that TNF neutralization reduced thrombin activation as well as the appearance of IL-18, IFNc, PAI-1, and several leukocyte chemokines (MIP-1alpha, KC, and MIP-2), indicating that TNF was a critical and proximal mediator in the cascade of events that resulted in hepatocellular necrosis (Shaw et al. 2007 (Fig. 1) . This was supported by the observation that replacing LPS injection with a nontoxic dose of recombinant murine TNF produced liver injury with similar hepatocellular lesions as TVX/LPS coexposure (Shaw et al. 2009a,e) .
Based on the central and proximal role of TNF, subsequent studies explored interactions between TVX and TNF. Following its injection, recombinant TNF is rapidly cleared from plasma. The concentration of TNF in the plasma of TVX/ TNF-treated mice was prolonged due partly (~1/3) to increased TNF biosynthesis but mostly to a decrease in TNF clearance (Shaw et al., 2009a) . By incompletely understood mechanisms, TNF receptors are shed from cells into plasma as soluble receptors (sTNFRs) that bind TNF (Bemelmans et al., 1994 (Bemelmans et al., , 1996 . The TNF-sTNFR complexes are then removed primarily by the kidney (Bemelmans et al., 1993) . How TVX reduces TNF clearance is unknown: the concentrations of sTNFRs were not increased in the plasma of TVX/TNF-treated mice, and renal function was not impaired (Shaw et al., 2009e) , suggesting that neither enhanced removal of TNF by sTNFRs nor reduced renal clearance of TNF-sTNFR complexes were responsible. Nevertheless, the ability of a drug to reduce the clearance of TNF is a novel finding which could be of importance if this interaction also occurs in humans and translates to other IDILI-associated drugs.
In addition to reducing TNF clearance, TVX cotreatment enhanced the plasma concentrations of proinflammatory cytokines induced by TNF. The TVX/TNF interaction responsible for this enhancement likely occurs in Kupffer cells and/or endothelial cells, but further study is needed to confirm this. As noted above, neutralization of TNF reduced the appearance of cytokines, such as IL-18, IFNc, and PAI-1; Treatment of mice with LPS results in PMN accumulation in liver, thrombin generation, and TNF production that are benign. TVX enhances the appearance of TNF by increasing its biosynthesis and slowing its elimination. TNF activates a series of events that include increasing the production of other cytokines, such as IL-18 and PAI-1. These cytokines increase IFN production, and a vicious cycle is established in which IFN and PAI-1 further enhance TNF production (shaded area). IFN can synergize with TNF to cause caspasedependent hepatocyte injury in vitro. TVX can enhance this TNF-mediated cytotoxicity. The increase in TNF also acts by indirect mechanisms to promote hepatocellular injury in vivo. Perhaps through secondary production of chemokines, TNF causes activation of PMNs, which release toxic proteases that contribute to hepatocellular injury. TVX also enhances production of thrombin, which results in the deposition of insoluble fibrin clots that are associated with liver hypoxia. One way in which hypoxia can contribute to hepatocellular necrosis is by increasing the killing activity of proteases released by activated PMNs. This working hypothesis is based on results described in publications cited in the text.
INFLAMMATORY STRESS AND IDILI 13 conversely, inactivation or knockout of these cytokines reduced the appearance of TNF (Shaw et al., 2009c,d,e) . This suggests that a dysregulated cycle of cytokine amplification contributes to the liver injury (Fig. 1) . Additionally, interactions between TVX and TNF were found in hepatocytes: TVX increased the potency and efficacy of TNF to induce effector caspase activation and cell death in vitro (Shaw et al., 2009a) . These findings highlight that there are multiple mechanisms that contribute to the hepatotoxic interaction between TVX and TNF (Fig. 1) .
THE POTENTIAL ROLE OF INFLAMMATORY STRESS IN VARIOUS MODES OF ACTION OF IDILI
The role of inflammatory stress in human IADRs is unknown; however, substantial evidence for interactions between IDILI-causing drugs and inflammation has been reported in rodents (Table 1 ). The mounting evidence for these interactions suggests that inflammation plays a role in the idiosyncratic toxicities induced by some drugs. Nevertheless, it is important to understand that inflammatory stress is unlikely to be an exclusive mode of action. Rather, it is likely that various mechanisms, singly or in combination, are involved in idiosyncratic toxicities. Notably, the inflammatory stress hypothesis fits well with several of the other proposed hypotheses about modes of action involved in DILI as explained below and summarized in Figure 2 .
The roles of the innate and adaptive immune systems in IADRs are highly debated. The innate and adaptive branches of the immune system were once considered as two independent entities, but the two branches are highly interdependent (Iwasaki and Medzhitov, 2010; Sims and Smith, 2010) . Furthermore, recent research has focused on the regulation of the adaptive immune responses by innate immunity (Iwasaki and Medzhitov, 2010) . As an example, the innate immune cytokines IL-1b and IL-6 are involved in the development and expansion of Th17 cells (Kimura et al., 2007; Shainheit et al., 2008) ; conversely, Th17 cells are critical for PMN recruitment in some models (Huang et al., 2004) . Animal models that provide evidence for the adaptive immune system involvement in liver injury from IDILI-associated drugs are lacking, but it is likely that even if an adaptive immune response occurs in response to a drug acting as a hapten, an inflammatory stress may be required for the expansion of effector lymphocytes or in providing the danger signal to overcome tolerance. Accordingly, inflammatory stress may be critical for an adaptive immune response to become damaging to the liver.
Regarding the mitochondrial dysfunction hypothesis, several cytokines such as TNF and IFNc are known to cause mitochondrial stress in several cell types (Mariappan et al., 2009; Watanabe et al., 2003) . Therefore, it is possible that inflammatory stress can cause minor and normally inconsequential mitochondrial production of ROS that renders individuals susceptible to idiosyncratic toxicities from some drugs.
The presence of an inflammatory stress could alter the intermediates formed in the metabolism of drugs and result in the formation of a reactive intermediate only in the presence of inflammation. For example, MPO, an enzyme released from activated PMNs can play a role in the metabolism of some drug structures (Hofstra and Uetrecht, 1993 ). As noted above, a recent study using a cyclopropylamine-containing surrogate molecule as a model for TVX suggested that TVX might be metabolized in the presence of MPO to a reactive species (Sun et al., 2007) . In this case, the reactive intermediate would not be formed/detected in current preclinical animal testing (i.e., in the absence of concurrent hepatic PMN infiltration and activation).
Although drug metabolism and transporter genes have been emphasized in the current thinking about the role of polymorphisms in IDILI, the genetic polymorphism hypothesis might be considered more broadly. For example, it is possible that polymorphisms in anti-or proinflammatory cytokines or in antiapoptotic proteins could render individuals more susceptible to IDILI. Evidence for this exists for liver injury from diclofenac, for which patients who developed hepatotoxicity were more likely to have polymorphisms in IL-10 or IL-4 (Aithal et al., 2004) .
Neither the failure-to-adapt hypothesis nor the multiple determinant hypothesis proposes specific mechanisms to explain IDILI. The inflammatory stress hypothesis is consistent with both of these. Drug-inflammation interaction models in animals such as the one with TVX described above suggest that inflammatory stress is a likely environmental factor to be considered in the multiple determinant hypothesis. Similarly, the potentiation of hepatotoxic responses by LPS in animal models can be interpreted as inflammatory stress preventing adaptation that would normally occur to hepatic stress imposed by drug treatment. The failure-to-adapt hypothesis of IDILI arose originally from the observation that therapeutic doses of acetaminophen in human volunteers commonly resulted in modest increases in serum ALT activity that returned to normal in most people upon continued administration of the drug, suggesting adaptation to the injury caused by the drug (Watkins, 2005) . Excessive inflammation is one factor that could promote progression of injury, which would be seen as failure to adapt. Indeed, the recent observation that concurrent exposure to inflammagens can convert a nontoxic acetaminophen dose into one that is markedly hepatotoxic in mice can be interpreted as inflammation preventing the hepatic adaptive response to this drug (Maddox et al., 2010) . Accordingly, it is possible that some individuals who fail to adapt are those who experience a concurrent inflammatory episode or who are unable to mount an anti-inflammatory response to the initial drug insult.
CONCLUDING REMARKS
The inflammatory stress hypothesis has provided some of the first animal models of idiosyncratic hepatotoxicity in which liver injury occurs. Furthermore, these models in rodents are the first that produce pronounced liver injury using a variety of drugs associated with IDILI. In exploring the LPS/TVX model, several factors and events important in the hepatotoxic interaction between TVX and inflammatory stress were found. PMN activation; cytokines such as IL-18, IFNc, and PAI-1; and thrombin activation all proved to be important in the pathogenesis of liver injury, and they all were found to act downstream of TNF as a proximal mediator. Prolonged exposure to TNF appeared to be an important initiating factor, and impaired clearance of TNF by TVX exposure was largely responsible for this. In vitro, TVX also had direct actions on hepatocytes that increased their sensitivity to injury caused directly by TNF. Thus, TVX interacted with TNF at several levels, and it is clear that numerous inflammatory factors and mechanisms are involved in the toxic interaction of this drug with the innate immune response. Importantly, many of the factors critically involved in the LPS/TVX interaction are also important in other drug/inflammation interaction models of IDILI (e.g., see Deng et al., 2009) . These findings might prove helpful in understanding the modes of action and mechanisms underlying human IDILI. Additionally, further understanding of interactions between IDILI-associated drugs and the innate immune system could provide the basis for more effective preclinical tests that may reduce development of drug candidates with IDILI potential.
FIG. 2.
Links between inflammatory stress and several hypotheses for the pathogenesis of IDILI. According to the inflammatory stress hypothesis, IDILIassociated drugs interact with an otherwise benign episode of inflammation to precipitate liver injury. This hypothesis is consistent with several other proposed modes of action of IDILI. The figure depicts how inflammatory stress may link to these.
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